The lung of the preterm infant is easily injured and an initial indication of the injury is an inflammatory response. Surfactant treatment and gentle ventilation will minimize the initiation and progression of injury. We asked if the initial lung injury response differed when preterm ventilated lambs were treated with complete natural sheep surfactant, a lipid extract of sheep surfactant, a surfactant used to treat RDS (Survanta®), or a synthetic surfactant containing recombinant SP-C (Venticute®). We used a gentle style of ventilation and a positive end expiratory pressure of 4 cmH 2 0 to minimize injury. The surfactants were not distinguishable based on gas exchange, compliance or lung gas volumes over the 6h ventilation period. When compared with unventilated controls the ventilated lambs had increased protein and inflammatory cells in alveolar lavages. The cells from the alveolar lavages produced more H 2 0 2 , expressed more surface adhesion antigens and CD-14 receptors, and expressed more mRNA for the pro-inflammatory cytokines IL-1␤ and IL-8 than did cells from unventilated lungs. Lung tissue expressed primarily increased IL-6 mRNA relative to unventilated controls. However, there were no consistent differences in any of the inflammatory indicators between the different surfactant treated groups. Because endotoxin free natural surfactant containing SP-A was not superior to three other surfactants containing differing amounts of the surfactant proteins, additions of these proteins to clinical surfactants may not decrease the indicators of lung inflammation that accompany the initiation of ventilation of the preterm lung. Surfactant treatment is standard care for infants with Respiratory Distress Syndrome (RDS). Surfactant treatment decreases morbidity and mortality; however, many surfactanttreated infants of low birth weight progress to bronchopulmonary dysplasia (BPD) (1) . BPD is thought to be the end result of an inflammatory injury that interferes with lung development and injury repair in the very preterm lung (2) . Airway samples from infants who develop BPD have increased numbers of pro-inflammatory cells and cytokines at birth or within the 1st days after birth (3). We previously reported that 2h of mechanical ventilation of the preterm lamb lung induced recruitment of pro-inflammatory cells to the lungs and transcription of pro-inflammatory cytokines (4, 5) . We proposed that these early indicators of injury might promote the subsequent development of BPD.
Host defenses to injury are decreased in the preterm lung relative to the adult lung because the fetal preterm lung contains almost no mature macrophages or granulocytes and the innate host defense proteins SP-A and SP-D are low (6, 7) . Antioxidant defenses also are low in the preterm (8) . Part of the injury response to ventilation of the preterm lung may result from altered host defenses. Natural surfactant contains about 5% SP-A which can modulate inflammation and injury (9, 10) . Surfactants used to treat infants are prepared by organic solvent extraction of surfactant recovered by alveolar lavage or from extracts of animal lungs. These surfactants contain variable amounts of the biophysically active proteins SP-B and SP-C but no SP-A. These surfactants are comparable for the treatment of RDS although there are some differences in short-term physiologic responses when the surfactants are tested in surfactant deficient preterm lungs (11) (12) (13) . Different types of surfactant have been evaluated for physiologic indicators of injury such as lung mechanics, gas exchange and edema formation (13-15), but the different surfactants have not been evaluated for their effects on the early biochemical indicators of lung injury that have been identified in adult and preterm lungs (5, 16) . We hypothesized that surfactants with different surfactant protein contents would induce different proinflammatory responses in the mechanically ventilated preterm lung. We treated premature lambs with natural sheep surfactant containing SP-A, B, C, an organic solvent extract of natural sheep surfactant that contains SP-B and SP-C, Survanta®, a commercial surfactant containing bovine SP-C with a small amount of SP-B, or Venticute®, a synthetic surfactant containing recombinant human SP-C and synthetic lipids. We evaluated local and systemic indicators of inflammation after treatment with the different surfactants at birth and after ventilation for 6h and compared the measurements with unventilated fetal lung.
METHODS

Surfactant.
Natural surfactant (Natural S) was recovered from saline lavages of adult sheep by centrifugation steps that isolate predominately the large-aggregate, highly surfaceactive fractions of surfactant (17) . We used sterilized equipment and saline for intravascular use to avoid contamination. Extracted surfactant (Extracted S) was made from the sheep natural surfactant by chloroform-methanol (2:1) extraction (5). The extract was dried under nitrogen at 55°C and was suspended in saline with glass beads. The Natural S and Extracted S were negative for endotoxin by the Limulus amebocyte lysate assay (Sigma Chemical Co. Chemical Co., St. Louis, MO, U.S.A.). Survanta® (Ross Products, Columbus, OH, U.S.A.) was provided by the manufacturer and is currently widely used for treatment of infants with RDS. Venticute® (Byk Gulden, Konstanz, Germany) is synthetic surfactant which contains 2% recombinant human SP-C in dipalmitoylphosphatidylcholine and palmitoyl/oleoylphosphatidylglycerol in a 70:30 wt/wt ratio and 5% palmitic acid. We previously found this surfactant to perform similarly to natural surfactant in preterm animals (18, 19) . The concentration of the four surfactants was 25 mg/mL and a dose of 4 mL/kg was used.
Delivery and ventilation of preterm lambs. This study was approved by the Animal Ethics Committees at Children's Hospital Medical Center in Cincinnati, OH, U.S.A. Preterm lambs were delivered of Suffolk ewes at gestation age of 129d to 132d by cesarean section (term is 150d). These lambs have immature lungs and will not survive 6h of ventilation unless treated with surfactant (5, 20) . Five lambs were randomized to each surfactant treatment group and samples were collected from six fetuses of the same gestational ages that were not ventilated (unventilated comparison group). Each pregnant ewe was preanesthetized with ketamine (10 mg/kg intramuscularly) and acepromazine (0.3 mg/kg), and then given spinalepidural anesthesia (10 mL of 2% lidocaine and 0.5% bupivacaine 1:1 vol/vol) (18) . After exposure of the head, the preterm lamb was given ketamine (10 mg/kg intramuscularly) and acepromazine (0.1 mg/kg intramuscularly) and intubated with a cuffed 4.5 mm tracheal tube. Lung fluid was removed from the tracheal tube by syringe aspiration and the trachea tube was occluded with a clamp. After the umbilical cord was cut, the lamb was weighed, and the randomly assigned surfactant (4 mL/kg) was instilled into the fluid filled lung and ventilation was initiated. The initial ventilator settings were: fraction of inspired oxygen (Fio 2 )ϭ1.0; respiratory rate 40 breaths/min; inspiratory time 0.7s; positive end expiratory pressure (PEEP) of 4 cmH 2 0, and a peak inspiratory pressure (PIP) sufficient to yield a tidal volume of 6 mL/kg for the first 30 min of ventilation (18) . VT was monitored continuously (CP-100:Bicore Monitoring Systems, Anaheim, CA, U.S.A.). This low target for tidal volume was chosen to minimize lung injury with the initiation of ventilation (21) . Peak inspiratory pressure and Fi0 2 was regulated to maintain target Pco 2 of 55 mm Hg and P0 2 of 150 -200 mm Hg. A 5 French catheter was advanced into the aorta via an umbilical artery, and a 10 mL/kg transfusion of filtered fetal blood collected from the placenta was administered within 10 min of delivery. VT was measured at 30 min, 1h and every subsequent hour with a pneumotachometer. Dynamic compliance was calculated as VT normalized to body weight and divided by the ventilatory pressure, which is (PIP-PEEP). The ventilatory efficiency index (VEI) was calculated as (VEI ϭ 3,800/respiratory rate ϫ (PIP-PEEP) ϫ P a co 2 ), where 3,800 is a C0 2 production constant (22) . The arterial catheter was used for blood gas analysis, pH measurement, and blood pressure monitoring. Fluid containing 10% dextrose was infused through a leg vein at the rate of 100 mL/kg/d. Rectal temperature was monitored and kept at 38 to 39°C with heating pads and radiant heat. Supplemental ketamine and acepromazine were administered to suppress spontaneous breathing. After 6h, each animal was deeply anesthetized with 25 mg/kg pentobarbital I.V. The endotracheal tube was clamped for 3 min to permit oxygen absorption, and the animal was exsanguinated.
Pressure-volume curve and lung processing. The thorax of the lamb was opened, the lungs were inflated with air to 40 cmH 2 0 pressure for 1 min and maximum lung volume was recorded (18) . The pressure was sequentially lowered to 20, 15, 10, 5, and 0 cmH 2 0, and lung volumes were recorded after 30s at each pressure. Volumes were corrected for the compliance of the system. Lungs were then removed from the thorax. Pieces of the right lower lobe were immediately frozen in liquid nitrogen for RNA isolation. Alveolar lavage of the left lung was with 0.9% NaCl at 4°C, and the lavage was repeated five times (23) . The lavage samples were pooled and aliquots were saved for measurement of saturated phosphatidylcholine (Sat PC), total protein, cell number and differential count, and flow cytometry.
Alveolar lavages were centrifuged at 500 ϫ g for 10 min and the pellet was resuspended in PBS. Cells were stained with tryptan blue and counted. Differential cell counts were performed on cytospin preparations after staining with Diff-Quick (American Scientific Products, San Diego, CA, U.S.A.). The activation state of the cells recruited to the airways was assessed by measuring hydrogen peroxide using an assay based on the oxidation of ferrous iron (Fe 2ϩ ) to ferric iron (Fe 3ϩ ) by hydrogen peroxide under acidic conditions (Bioxytech H 2 0 2 -560 Assay; 0XIS International, Portland, OR, U.S.A.).
Aliquots of alveolar cells were incubated on ice with MAb (primary antibody) against ovine CD11b (␣M subunit of inte-690 IKEGAMI AND JOBE grin CR3), CD14 (receptor for complex of lipopolysaccharide and lipopolysaccharide binding protein), and CD44 (proteoglycan link protein). The cell pellet was washed twice with PBS to remove unbound antibody, and was incubated with phycoerythrin (PE) labeled F(ab') 2 anti-IgG fragments (secondary antibody) in the dark on ice. Control staining was performed with isotype antibodies and with secondary antibody alone to obtain background fluorescence. Cells were washed twice, resuspended in PBS, kept on ice, and immediately analyzed on a fluorescence-activated cell sorter (FACS) (Calibur, BectonDickinson, Inc., Mountain View, CA, U.S.A.). All antibodies were from Serotec (Raleigh, NC, U.S.A.). Apoptotic cells and necrotic cells were detected by annexin V and propidium iodine staining (24) (Pharminger, Mountain View, CA, U.S.A.). Apoptotic and necrotic cells expose the inner cell membrane, allowing annexin V to bind to phosphatidylserine. Cell aliquots were stained with fluorescent-labeled annexin V and counterstained with proprium iodide to detect necrotic cells.
Cytokine mRNA. Total RNA was isolated from tissue from the right lower lobe and from cell pellets of the alveolar lavage samples by guanidinium thiocyanate-phenol-chloroform extraction. Ribonuclease protection assays were performed with total RNA from lung tissue and cell pellets (25) . Briefly, RNA transcripts of ovine interleukins (IL-1␤, IL-6, IL-8, IL-10), tumor necrosis factor (TNF-␣), and ovine ribosomal protein L32 as a reference RNA were synthesized with ( 32 P)uridine triphosphate (Life Sciences Products, Boston, MA, U.S.A.) using SP6 or T7 polymerase (Ribonuclease Protection Assay 111: Ambion, Austin, TX, U.S.A.). Aliquots of 10 g RNA were incubated with excess radiolabeled probes for cytokines and L32 at 55°C for 18h. Remaining single-stranded RNA was digested with RNAse A/RNAse Ti (Ambion). Protected fragments were electrophoresed on a 6% polyacrylamide-urea sequencing gel and visualized by autoradiography. Densities of the protected bands were quantified on a PhosphorImager (Molecular Dynamics Inc., Sunnyvale, CA, U.S.A.), using ImageQuant Software (Molecular Dynamics).
mRNA for surfactant proteins and Sat PC. Surfactant protein mRNAs were measured using S1 nuclease protection assays as previously described (26) . Briefly, an excess of linearized probes for ovine SP-A, SP-B, and SP-C and L32 that were 5' end ( 32 P) labeled were hybridized at 56°C with 3g of total RNA from lung tissue. SP-D was quantified in a separate assay with 10g total RNA. The probe for SP-D was a kind gift of Dr. Hallman, University of Oulu, Finland. After incubation with S1 nuclease the protected fragments were resolved on 6% polyacrylamide 8-mol urea sequencing gels, visualized by autoradiography and quantified on a phosphor imager (ImageQuant software, Molecular Dynamics Inc., Sunnyvale, CA, U.S.A.).
Saturated phosphatidylcholine (Sat PC) was isolated from chloroform-methanol (2:1) extracts of alveolar washes by neutral alumina column chromatography after exposure of lipid extracts to osmium tetroxide (27) . Sat PC was quantified by phosphorus assay (28) .
Lung morphology, inflammation score. The right upper lobe was inflation fixed with 10% formalin maintained at 30 cmH 2 0 pressure. Paraffin tissue sections of 5m thickness, stained with hematoxylin and eosin, were graded for the degree of inflammation by scoring three sections from each animal in a blinded fashion (29) . The score was zero if there were no inflammatory cells in tissue or airspaces; 1) if a few cells were identified; 2) if moderate cell infiltration was present, and 3) if there were a large number of inflammatory cells in airspaces and tissue. Airspaces and tissue were assessed separately. Average scores were calculated for each animal.
Data analysis. Results are given as meanϮSEM. Analysis of variance followed by the Student-Newman-Keuls multiple comparison procedures were used for comparisons of the four ventilated groups. Two-tailed unpaired t-tests were used for comparison with the unventilated group. Significance was accepted at p Ͻ 0.05.
RESULTS
Physiologic outcome.
The five lambs randomized to each group had similar mean birth weights of 3.4 kg. The ventilation strategy was designed to minimize injury by using a tidal volume of about 6 mL/kg over the first 30 min after delivery and then to increase the tidal volume to no more than 10 mL/kg to achieve a target Pco 2 of 55 mm Hg. This Pco 2 was achieved with a mean tidal volume of 9.1 mL/kg for all groups (Fig. 1A ) using similar ventilatory pressures (Fig. 1B) . No significant differences in oxygenation were found for the four surfactants, although oxygenation in the Venticute treated group tended to be lower (Fig. 1C) . Dynamic compliances ( Fig. 2A) , the integrated evaluation of gas exchange measured by the VEI (Fig.  2B) , and the deflation pressure volume curves (Fig. 2C ) also were very similar for the four groups of lambs. These assessments demonstrate essentially equivalent responses of the lambs to treatment with the different surfactants over a 6h period of ventilation.
Indicators of inflammation. Total protein was higher in the alveolar washes of all ventilated animals than for the unventilated animals (Fig. 3A) . The inflammatory cells in alveolar washes were higher than for the unventilated lambs. The number of cells in the alveolar washes of the surfactant treated animals was similar as was the distribution of the inflammatory cells between lymphocytes, monocytes, and granulocytes (Fig.  3B) . The H 2 0 2 production by the cells from the alveolar washes also was not different, although H 2 0 2 production was higher in all ventilated groups than the unventilated lungs where H 2 0 2 was not detected (Fig. 3C) . The intracellular adhesion molecule CD-11b and the proteoglycan link protein CD-44 participate in the vascular to tissue migration of monocytes and neutrophils to sites of inflammation. Both antigens were detected on cells from the alveolar washes from the four surfactant treatment groups in similar amounts that were higher than for the unventilated animals when expressed as percent of cells (Table 1) . The CD-14 receptor complex for lipopolysaccharide (LPS) and LPS binding protein was detectable in a low percentage of cells from all surfactant treated groups, and this percent was higher than for cells from unventilated lambs. The total fluorescence units also were similar for all measurements between the surfactant treated groups (data not shown). There were no 691 VENTILATION INJURY AND SURFACTANT differences in the percent of apoptotic cells in the alveolar washes of the surfactant treated groups (Table 1) .
Cytokines in the lung. The pro-inflammatory cytokine mRNAs for IL-6, IL-8 and TNF-␣ were increased in lung tissue relative to the amounts in the unventilated lungs (Fig. 4A) . IL-1␤ mRNA was not increased and IL-6 was increased about 6-fold relative to unventilated controls. The expression of IL-10 also was modestly increased in the lungs, but there were no differences for any of the surfactant treated groups. The pro-inflammatory cytokine mRNAs for IL-1␤, IL-6, and IL-8 were analyzed from cells recovered by alveolar lavage (Fig.  4B) . Relative to cells from the unventilated control lavages, there were large increases in mRNA for IL-1␤ and IL-8, and no differences in surfactants were apparent. In contrast to mRNA from lung tissue, mRNA for IL-6 was not increased.
Inflammatory index. The inflammatory index measured on histologic sections from the right upper lobes averaged 1.3 in both the airspaces and the tissue indicating that a few inflammatory cells were apparent by histology (Fig. 5) . The only statistical differences in airspace inflammatory index were between unventilated lambs and Natural S and Survanta group and these differences were not large (p Ͻ 0.05). There were no indicators of lung injury such as edema, interstitial emphysema, or alveolar hemorrhage.
Surfactant. The mRNAs for the surfactant proteins were expressed relative to the amounts measured for the unventilated lungs (Fig. 6 ). There were no differences in mRNAs for SP-A, SP-B, SP-C or SP-D in any of the ventilated groups. The percent of the Sat PC contained in each surfactant that was recovered by alveolar wash was not different between the surfactant treated groups.
DISCUSSION
We asked if the physiologic responses and indicators of injury in ventilated preterm lambs differed for Natural S, an extract of natural surfactant that lacks SP-A and other nonsurfactant specific proteins and perhaps other factors, a surfactant made from bovine lung that is widely used clinically, and a synthetic surfactant containing only synthetic lipids and recombinant SP-C. We treated with surfactant before mechanical ventilation, and we used a gentle ventilation strategy to avoid lung injury as much as possible (21, 30) . We used a PEEP of 4 cmH 2 0 that was previously shown to cause less lung injury in preterm lambs than a PEEP of 0 or 7 cmH 2 0 (18). The tidal 
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IKEGAMI AND JOBE volume goals were higher than often used in humans, but lower tidal volumes in preterm lambs cause severe hypocarbia (21) . The total lung capacity was about 40 mL/kg, indicating that tidal volume did not approach total lung capacity. Despite the differences in surfactant composition, lung function and indicators of injury were very similar across all ventilated groups. However, the ventilated groups had multiple indicators of an initiation of an injury response relative to unventilated lungs.
The results need to be interpreted in the context of previous information about how the adult and preterm lung can be injured. If lungs are overdistended with the initiation of ventilation, then surfactant responses are poor, alveolar protein is high and lung injury is obvious histologically (21, 31) . Surfactant treatment and ventilation with a PEEP of 4 cmH 2 0 prevents most of the severe acute injury (18) . Lambs at this gestation will have severe progressive respiratory failure and die despite mechanical ventilation unless treated with surfactant (20) . The surfactant pool from the alveolar washes of the control lambs contained only 0.57 Ϯ 0.26 mol/kg Sat PC and 18 Ϯ 7 ng/kg SP-A, which is 0.9% of newborn lamb surfactant pool size (32), indicating severe surfactant deficiency. The four surfactants were equivalently effective for 6h after preterm birth. Relative to preterm fetal lungs, the lungs of these surfactant treated lambs had increased amounts of total protein, increased numbers of inflammatory cells, and increased cytokine mRNA expression in the lung tissue and cells from alveolar washes (5) . However, these values were lower than for preterm lungs that were intentionally injured by ventilation with no PEEP or by intratracheal endotoxin (5, 33). Neverthe- less, ventilation of preterm lambs treated with the synthetic SP-C containing surfactant, or the clinical surfactant Survanta, did result in increased inflammatory cell and cytokine expression relative to the fetal lung (5). We hypothesized that natural surfactant might promote less injury because it would contain more of the surfactant proteins or host defense components. We used a complete natural sheep surfactant that was endotoxin free and an organic solvent extract surfactant and found equivalent indicators of inflammation. These results suggest that adding components present in natural surfactant to the surfactants used clinically is unlikely to improve their antiinflammatory characteristics against lung injury by ventilation. These results can be interpreted in two ways: the increased inflammatory indicators simply reflect normal neonatal adaptation, or the inflammation is an injurious process that, if it persists, can progress to acute lung injury and subsequently BPD (34) . Infants who subsequently develop BPD have inflammatory cells and cytokines in samples from the airways that are higher than the same indicators from the airways of infants that do not develop BPD (3, 35) . Some inflammation may be inevitable with ventilation and oxygen exposure. The progressive nature of the injury may be the critical factor. Surfactant treated and ventilated preterm lambs and baboons develop BPD characterized by an arrest in alveolar development (36, 37) . That pathology is associated with persistent elevations of pro-inflammatory cytokines in the lungs (37) .
We previously hypothesized that the lack of SP-A in the preterm lung would tend to promote inflammation because SP-A binds endotoxin, multiple pathogens, and down-regulates inflammation (9, 10) . However, addition of sheep SP-A to the recombinant SP-C surfactant resulted in more rather than less inflammation in ventilated premature lamb lung (20) . The equivalent inflammation in lambs treated with Natural S containing SP-A and Extract S that lacks SP-A contradict that result. We have no explanation for the difference except to speculate that the isolation and purification of SP-A may alter aggregate forms of SP-A to yield products that are inflammatory. Perhaps the message is that caution is appropriate when synthetic or purified surfactant components are used to treat the preterm lung. SP-A as part of natural surfactant was not pro-inflammatory, while purified SP-A added to synthetic surfactant was pro-inflammatory (20) .
An interesting finding is the difference in cytokine mRNA expression in the total lung and in the cells recovered by alveolar lavage. The increases in mRNA for the proinflammatory cytokines IL-1␤, IL-8, and TNF-␣ in lung tissue after 6h ventilation was only 2-to 3-fold above the low levels measured in fetal lung, and the increase in the mRNA for the anti-inflammatory cytokine IL-10 was of a similar magnitude. The largest increases of about 6-fold were for IL-6 in lung tissue, and no increase in IL-1␤ was noted in the lung tissue. In contrast the cells recovered by alveolar lavage had 20-to 70-fold increases in IL-1␤ and 10-to 30-fold increases in IL-8 with no change in IL-6 mRNA. The cytokine products of the alveolar cells differ from those of the lung as a whole, and the relative amplification of the mRNAs for IL-1␤ and IL-8 are much higher in the alveolar cells. However, our results indicate that the source of the IL-6 may be the tissue rather than the inflammatory cells recruited to the lungs. Transgenic mice that over-express IL-6 are more resistant to oxidant injury than normal mice, indicating that increases in IL-6 may be beneficial (38) . There is no information about IL-6 function in the preterm lung.
Surfactant treatments did not alter the mRNAs for the surfactant proteins after 6h ventilation. We previously reported SP-A and SP-C mRNAs increased in natural surfactant treated preterm lungs (39) . A caveat to those observations is that we now know that natural surfactant is commonly contaminated with endotoxin unless extreme care during isolation is taken. Endotoxin promotes an inflammatory response in the fetal sheep lung that results in increased mRNAs for all of the surfactant proteins (26) . The low-grade inflammation resulting from gentle ventilation of these lambs did not result in increases in surfactant protein mRNA within 6h. The inflammatory indicators were similar for the four different surfactants that we tested. These experiments are of low resolution to detect small differences in either physiologic responses or indicators of injury because of the small number of animals in each treatment group. However, the overall consistency of the data suggests large differences are unlikely. Modifications of surfactants to minimize lung injury in the preterm may be a less effective strategy than the development of strategies to minimize the injury caused by mechanical ventilation. . Intensity of hybridization of mRNA was related to that of L32 mRNA, a ribosomal protein mRNA, and normalized to the value for unventilated group which was given a value of 1. There are no differences between groups. Percent recoveries of Sat PC in alveolar lavages are shown on the right side of the figure. There were no differences between groups for the recovery of exogenous surfactant after 6h of ventilation.
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